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ABSTRACT

In order for KEW projectiles to reliably destroy hostile ICBMs
they must use some form of guidance. To be practical, KEWs must
be lightweight, able to withstand high "g" forces, and insensitive
to nuclear and electro-magnetic effects. Laser command guidance
can guide a KEW to a target "basket" area whereupon a strapped-
down seeker can guide for a hit-to-kill. Key elements of such a
KEW system are a laser detector/processor and lightweight control
thrusters.

Phase I demonstrated miniature photo-acousto-fluidic elements
that detected, processed and demodulated FM laser signals riding
on a 1.0 watt/cm? carrier. Using laminar digital fluidic logic,
the ability to command "ON" or "OFF" any one of four thrusters
was also demonstrated. 1In addition, high efficiency (>93%), 10-
lb net force, single- and dual-axis fluidic diverter/thrusters,
were designed and could result in a 300 - 500 gm fully guided KEW
projectile.

Recommendations are made for Phase II efforts to build, test
and demonstrate the diverters and to integrate a 1light weight
detector. Brassboard cold and warm gas operation should also be
demonstrated. The laser detection/processing circuitry needs to
be designed to operate with propellant gasses. In order for the
photo-acoustic detection process to operate efficiently and with
high sensitivity, the detector element, as a minimum, must
operate with cold gas (e.g. 500°R). Therefore it is recommended
that a propellant gas bleed operating system with an integral
heat exchanger be designed. High efficiency fluidic thrusters
would be effective in any KEW, thus alternative activation means
(tab, spark and fluid injection) should also be designed and
demonstrated.

iv




1. PURPOSE

This report has been prepared by Defense Research Technologies,
Inc. (DRT) in fulfillment of its contractual obligations under a
Strategic Defense Initiative Office (SDIO), Small Business
Innovative Research (SBIR) contract, number DASG60-88-C-0081. The
purpose of the report is to present the results of a feasibility
analysis on the use of fluidic technology to provide both
guidance as well as control of a kinetic energy weapon (KEW)
projectile in order to reduce weight and cost, and to increase
reliability and countermeasure resistance.

2. BACKGROUND

The first or "Doost" phase of the multi-layered Strategic
Defense Initiative space-based protection concept, shown in
figure 1, is to destroy Soviet ICBMs during their boost phase by
lasers or kinetic energy weapon projectiles (KEWs) fired from
satellites in orbit several hundred kilometers away.

Figure 1. The multi-layered SDI concept.

_ The KEWs may be rocket-propelled or launched by electromagnetic
railguns. In the case of EM gun launch accelerations in excess
of 100,000 "g" may be expected in the process of getting the
velogities up to 15 km/s and greater. In addition to having to
survive incredibly high setback forces, the intelligence of any
such "smart" projectiles would have to withstand incredibly high
levels of induced magnetic effects. Currently, the EM gun is not
in vogue, primarily because the energy required to launch the

1




relatively heavy, state-of-the-art KEWs is prohibitively large
and the state of development of space-based homo-polar generators
is not yet sufficiently well developed. The development,
however, of lightweight KEWs, for example less than 1 kg in mass,
may result in a re-evaluation of the practicality of the EM
railgun as a launch mechanism and possibly their reinstatement in
the principal SDI scenario.

KEWs, as are also expected to be used in the terminal phase
defense. The High Endo-Atmospheric Interceptor or "smart rock",
shown in figure 2 is illustrative of the Hughes concept.

rZcll

8 High Endoatmospheric Defense Interceptor
. NON-NUCLEAR KILL VEHICLE 4
spaAC &8 - AKROJEY

2 Coc'ed Foretody

3 Seexer Assemty

& Sapphire Wmdow

& Cocled Windew Frame

& ECU - Electronie Controt Unat

7. MPDP . MuR-Pumose Data Processor
8 Puch Laseral Thruster (1)

Critical for the strategic defense of tomorrow... [ SE mrp—

Figure 2. Hughes High Endo-Atmospheric Interceptor Concept

The KEW therefore forms an integral part of the 1lethality
concepts for SDI.

In order for kinetic energy projectiles (KEWs) to hit and kill

hostile ICBMs they must be guided. Guidance schemes available
are command-guidance, terminal homing, or some combination of the
two. Command guidance, by laser or RF beams, over distances of

hundreds of kilometers to a point in space represented by a moving
ICBM requires extremely high levels of pointing or tracking accuracy
and very high resolution. At 100 km to be able to guide to within
1m would require a pointing accuracy of 0.01 milliradians. State-
of-the-art platform stabilization and angular resolvers are not
accurate enough. At the other extreme passive terminal homing
(e.g. IR) from those great distances requires seekers and sensors
with very high resolution and sensitivity. For example, a
s;aring focal plane array with a 0.25 milliradian instantaneous
field-of-view per pixel covers an area of 625 m* (25 m x 25 m) so
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that a 1 m! %ot spot has its effective intensity spread out over
625 m?.

Cu.rently conceived kinetic energy projectiles are highly
complex, sophisticated homing devices that must operate as designed
the first time. In order to do so, in addition to being highly
accurate and lethal, they must be highly reliable, have a virtually
indefinite shelf-life, and must be able to withstand hostile
countermeasures and threats, as well as a variety of electro-
magnetic environmental effects, E3, and nuclear radiation. One
concept for a kinetic energy projectile is shown in figure 3.

PROPULSION

e NOZZLES

® FOUR DIVERTS CONTROLLED 8Y
THO VALVES

®SIX ACS CONTROLLED BY
THREE VALVES

Figure 3. Conceptual SDI KE projectile.

The passive IR seeker guides the projectile to the target.
Ten thruster nozzles, operated by three mechanical spoolvalves,
provide the necessary control authority. Concepts such as these
are stressed by weight and reliability constraints. The mechanical
nature of the spool valves and the requirement to operate for as
long as 100 seconds with extremely hot gasses (>5000°F) dictates
relatively large, heavy, and bulky valves and consequently
propellant. Propellant itself does not add to the kinetic energy
that the projectile can deliver as it is consumed. Timelines are
of the essence, so that merely flying at a slower speed to
deliver a given level of kinetic energy is not an acceptable
solution. Weights of current concepts, such as shown in figures

2 anq 3, far exceed that required to kill an ICBM at the velocities
required by the timelines.




The combination of the two guidance schemes, however, may be
able to dramatically reduce the accuracy and resolution require-
ments, and consequently reduce weight and cost. One combination,
that takes advantage of the best features of both command and
homing guidance utilizes a laser command beam and strapped-down
terminal homing. In this concept the projectile is guided by a
coded laser beam to the target "basket", defined by the resolution
and field-of-view capability of a small low-cost, two-dimensional
focal plane array, whereupon the narrow field-of-view, strapped-
down, staring IR array acquires the target at close range and
guides the projectile in for the kill.

Two of the technical problems, therefore, driving KEW
development are weight minimization and countermeasure tolerance.
Weight growth of current concepts has stressed the delivery
mechanism because the fly-off weight (mass) increases non-
linearly with increasing propulsion demands (e.g. the heavier the
projectile the more propulsive energy is required because not
only the added mass must be accelerated but also the added
propellant). Weight is adversely affected by any moving parts
devices because they must be beefed up and ruggedized in order to
meet the reliability and load requirements. The inherently
complex electronics package, in order to be adequately tolerant of
electronic countermeasure threats (jamming, directed energy
weapons, etc.) and E3, must be shielded or must use a redundant
multiplicity of components. Shielding and redundancy add weight.

Fluidic technology addresses both of the above technical
issues in a very direct manner. Fluidic devices have no moving
parts and are inherently light in weight, rugged and immune to EM
and nuclear effects. The spectrum of lightweight materials from
which fluidic devices can be fabricated is considerably greater
than for conventional mechanical valves, and the manufacturing
methods used to produce systems of comparable accuracy and
performance can be very low cost, compared to those used for
precision, high temperature valves. Fluidic devices can accurately
perform the sensing, signal processing and thrust actuation
functions required in a KEW projectile.

Fluidic thrusters have been previously considered for SDI
applications with mixed results. In general, they have not met
with acceptance because of the relative thrust inefficiency of
prior art diverter systems which has offset any weight advantages.




3. DEVELOPMENT OF FLUIDIC CONTROL PROOF—-OF-PRINCIPLE DEMONSTRATOR

Defense Research Technologies, Inc. was awarded a Phase I
SBIR contract to exploit recent technological advances in fluidics
that could overcome previous limitations. Defense Research
Technologies, 1Inc. developed proof-of-principle hardware and
demonstrated the direct fluidic processing of laser energy using
a unique adaptation of the photo-acoustic effect combined with
advanced, second generation, solid-state, integrated circuit,

laminar fluidic technology components. A unique, no-moving-
parts, multi-axis, low flow consumption, fluidic thruster was
also designed with a thrust efficiency of over 93 percent. The

design was based on a single-axis valve which had demonstrated
that 1level of efficiency but that had not been implemented in
previous SDI concepts. The results of the diverter design effort
are summarized in section 3.3. By eliminating all of the
mechanically moving parts in a KEW and by reducing the number of
electronic components that might be susceptible to electro-
magnetic effects, significant reductions in overall projectile
weight and size would be possible.

3.1 System Design Requirements and Parameters

The philosophy adopted in the development of this demonstration
system was that all hardware should be directly translatable to
flight hardware. Any differences in weight or size should be
addressed solely by choice of materials and/or choice of manifold-
ing. In other words, the demonstrator should be representative
of the real thing in size, weight, response, and power consumption.

Four basic parameters were identified as being critical to
an acceptable design -

Laser Fluence
Fluidic Output
Response

Power Consumption

* % % ¥

The laser fluence that the projectile would have to sense
was chosen to be 1 to 10 W/cm?!. This corresponds to levels that
had been demonstrated as being readily detectable by fluidics and
did not appear to be a power burden for a satellite-based laser
that would be doing the command guidance. It also corresponds to
the fluence available from commercially available 1 - 10mW HeNe
lasers which were contemplated for use in the demonstration.

The goal for the fluidic output was chosen to be from 0.4 to
4 gm/s of air flow. This was based on the anticipated level of flow
that would be required to switch a fluidic supersonic diverter
valve that delivers 10 lbs of thrust. Assuming that the diverter
operates most efficiently at a Mach number, M = 3 (see section
3.3 on the design of the fluidic diverter) and delivers sufficient
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flow for a thrust of 10 1lbs, then the diverter flow is roughly 40
gm/s. Assuming a switching efficiency or gain of 10 - 100, based
on previous experience, then the laser detector circuit need
deliver 0.4 - 4 gm/s.

The goal for the response time of the circuit was chosen to
be 1 - 10 nmilliseconds. The choice of these values was arrived
at by noting that a minimum of 100 control updates per second
were thus possible and would be more than sufficient for high
fidelity control. The values are consistent with the 3 - 5 ms
response times being required for mechanical valves. The lower
limit of 1 millisecond comes from the time it takes for the beam
to move one half-width while tracking a booster 100 km away
ascending at Mach 2.0.

The goal for power consumption of 5 - 10 watts was arrived
at from an estimate of the consumption of an equivalent electro-
mechanical system. This constitutes less than 0.01 percent of
the available power from the 10 1lb truster motor which would be
used to power the fluidic circuitry.

The photo-acoustic detector and contrcl system to address
any one of four thruster control inputs was designed to be
composed of five separate sub-systems -

Laser detector

Pre-amplifier

Signal processor (D/A convertor)

Four-state logic

Impedance matching amplifiers (flow amplifiers)

* ¥ % * *

For the demonstration a sixth element was designed to be the
simulated thrusters themselves.

3.2 The Photo-Acoustic-Fluidic Detector and Pre-Amplifier

The photo-acoustic-fluidic detector is the device that directly
converts electro-optical energy, in this case laser energy, into
fluid power. In operation, incident electro-optical energy is
converted into sound that is amplified and processed using
advanced laminar acousto-fluidic signal processing techniques.

The photo-acoustic effect was discovered by Alexander Graham
Belll 2 in 1880. He found that when chopped light is shined onto

1 Bell, A.G., "On the Production and Reproduction of
Sound by Light," Trans. American Assoc. for the Advancement of
Science, 27 Aug 1880.




a broadband absorptive material such as carbon fibers, felt, or
carbon black in an enclosed bell jar, audible tones can be heard
at the chopping frequency. Bell called this phenomenon the
"pPhotophone". Since the acoustic amplitude is proportional to
the absorptivity of the target material, this phenomenon today forms
the basis of the technology for the measurement of absorption
properties of materials known as photo-acoustic spectroscopy”.

When a pulse of radiation impinges on an absorptive material
the radiant energy is converted into heat. Heating of the material
itself occurs only in a very thin layer near the irradiated surface
of the material. The heat is then rapidly conducted to the adjacent
gas. The heating of the gas occurs in a thin thermal boundary
layer in the immediate vicinity of the absorptive material. A
small but rapid expansion occurs due to the local density decrease
which develops an acoustic expansion pressure wave. The acoustic
wave propagates away from the surface of the absorbing material
and is available to be processed.

Bell Laboratory scientists developed an electrically passive
photo-acoustic telephone receiver?. They demonstrated that a
voice-modulated laser transmitted through several kilometers of
optical fiber could be demodulated into speech in a photo-
acoustic cavity. They were able to obtain a clearly audible,
coherent and understandable sound output. Scientists at the US
Army's Harry Diamond Laboratories (HDL), suggested that optical
control signals could be demodulated and amplified by laminar
acousto-fluidic amplifiers that would increase the acoustic
output to levels where useful work could be performed. The HDL
scientists built a pneumatic photo-acoustic fluidic interface
demonstrator® and subsequently received a patent for a fluidic
photo-acoustic detector®.

2 Bell, A.G., "Upon the Production of Sound by Radiant
Energy," Phil. Magq., Ser. 5, No. 11, 1881.

3 Pao, Y., ed., Optoacoustic Spectroscopy and Detection,
Academic Press, NY, 1977.

4 Nelson, D.F., Wecht, K.W., and Kleinman, D.A., "Photophone
Performance," J. Acoust. Soc. Am., Vol. 60, p. 251, 1976.

5 Gurney, J.0., "Photofluidic 1Interface," Trans. ASME,
Journal of Dynamic Systems, Measurement and Control, Vol. 106,
March 1984.

] § Drzewiecki, T.M., Gurney, J.0., and Toda, K., "Photo-
fluidic Interface," US Patent No. 4,512,371, 23 Apr 1985.
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' Subsequent to the demonstration of the photo-fluidic conversion
process in a pneumatic medium, Defense Research 'rechnologies,
Inc. demonstrated a similar capability in a hydraulic medium’.
Optical signals of less than 10mW were successfully converted
into high pressure hydraulic signals of greater than 100 psi.

Initial Phase 1 experiments were conducted to measure the

L critical performance parameters of the photo-acoustic cell
itself, in order to establish the amplification requirements.
The fact that the fluidic cavity 1is not sealed was of some
concern and the initial assumptions were that the higher the
impedance of the sensing device the higher would be the signal.
Since amplifier size predominantly determines the impedance of
} the input, several experiments were conducted with amplifiers of
differing sizes where three nozzle widths (size) were examined,

bg = 0.25, 0.1875, and 0.125 mm. A 1.0 mm diameter beam from a
10 mW HeNe laser was shined onto a 8mm focal length lens located
some 8 mm from the graphite (carbon black) target located at the
input of a C/2-format LPA. A microphone located at the rear of
the LPA recorded the amplitude and phase of the acoustic pressure

developed. The LPAs were operated with and without supply
pressure. Without supply pressure the input channel resistance
is governed by the outlet orifice area. For the sizes tested

there was over an order of magnitude difference in impedance and
yet the acoustic level varied only by as much as a factor of two.
This implied that perhaps the source impedance of the photo-
acoustic phenomenon is low compared with the impedance of the
amplifiers. Using the data for the 510XX LPAs (bg = 0.25 mm) at
aspect ratios 0.5, 1.0, and 1.5 the source impedance was estimated.
If one assumes that the equivalent circuit for the photo-acoustic
phenomenon is represented by a series impedance connected to an
invariant source then the pressure recovered (in fluidics
pressure is analogous to voltage and volumetric flow is analogous
to current) is a function of the load impedance, in this case the
impedance of the input channel of the LPA as shown schematically
in figure 4.

The ratio of pressure in the cavity to the source pressure
is therefore given by:

P/Pg = 1/(Rg/Rp, + 1) cueennecnnnnns e (1)

The ratio of two measurements of P, P; and P, for two different
values of Ry, Rpj and Ry, yield the value for the source impedance
Rg, such that:

RS = RLl [1 - Pl/pZ]/[Pl/P2 - RLl/RLZ] ...... (2)
7 Drzewiecki, T.M., "Research on the Direct Conversion of
Electro-Optical Energy to Hydraulic Power," Defense Research

Technologies, Inc. Technical Report DR-007, 16 Dec 1985.
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Figure 4. Schematic of photo-acoustic effect circuit.

For the measurements made, an average value of RS = 5 T/LPM
(convenient units of resistance are in torr/(liter per minute)) was
found. This verified the initial observation that the source
impedance must be low. Since the input impedances of C/2-format
LPAs are generally of the order of 100 to 200 T/LPM it can be
appreciated that the photo-acoustic cavity is operating almost as
if it were a sealed volume. This was a very fortuitous discovery
as it now permitted the use of the largest LPAs without degradation
in performance. Since flow amplification is of interest starting
with a high flow LPA reduces the staging requirements.

Figure 5 schematically shows the implementation of the laser
detector stage and the two-stage 51009 pre-amplifier gainblock
that was used to raise the signal levels for subsequent processing.

In order to eliminate any DC bias effects and to provide an
output amplitude that was a function of frequency (a requirement
for the operation of the D/A convertor) a third-order hlgh pass
filter was included. This filter was composed of three pairs of

RL (resistive/inductive) shunts each located at the outputs of
the detector and the two amplifier stages.

The degree of amplification required was dictated by the
signal level required to saturate a fluidic full-wave rectifier.
Signal levels of 1.0 torr at the input to a 50710 fluidic
rectifier operating at the same pressure as the 51009 LPAs (Py =
16 torr) will saturate it. A pressure level of 1.0 torr corresponds
to an acoustic level of 136.5 dB SPL (referenced to 0.0002 ubar)
Since the input levels were of the order of 90 dB SPL a gain of
46 d4B (200 1) was required. Three stages of self-staged LPAs
yield a gain of 200 so that counting the detector element as one
stage only two additional stages were required.
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Figure 5. Detector/preamp/filter schematic.

Figure 6 shows the output waveforms of the detector/preamp/-
filter at 1700 Hz and at three different supply pressures, 12.5,
15.0 and 18.0 torr.
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Figure 6. Laser detector/preamp output waveforms.
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As supply pressure increases gain increases hence output
amplitude also increases. At 18.0 torr the Knowles electret
microphone is saturated at about 2 volts output. By measuring
the time between positive and negative saturation points it was
estimated that only 19% of the cycle was unsaturated (based on
the assumption that the waveform was sinusoidal) and as a result
the actual amplitude was estimated to be 6.26 volts corresponding
to pressure amplitude of approximately 5.0 torr. This is more
than sufficient to saturate the rectifier/signal processor stage.

Figure 7 shows the frequency response (variation of the
ratio of the output amplitude to the input square wave driving
the laser) of the sub-system with only a two-pole filter (the
third-pole of the filter was actually implemented on the input of
the rectifier element) for three supply pressures, 15, 16.5 and
18 torr.

+

PHASE
o
. - ( |
L/ !
¢

AMPLITUDE RATIO, oB

4 4

50 500 5K
FREQUENCY, Hz

Figure 7. Detector/preamp frequency response.

The typically resonant nature of the high frequency end of
the LPA is readily noted. Also of interest is the fact that
there is responsivity out to 5000 Hz. The phase shift at 1000 Hz
is seen to be about 360° which corresponds to a delay of 1 ms

(milli§econd). About 600 us of that time is actual transport
delay in the three stages.
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3.3 Fluidic Signal Processor

The signal processing was a digital-to-analog (D/A) conversion
of the AC output of the detector sub-system into an analog pressure
level, proportional to frequency. By choosing four separate fre-
quencies around a carrier, e.g. frequency modulating the laser,
four output levels will be developed which will then be identified
by a logic circuit and will produce separate signals to drive the
thruster. The process by which an analog pressure is produced
from an AC or acoustic pressure is rectification. If the input
amplitude at different frequencies is different then the analog
output will be a function of frequency. The high-pass filter
provides the variation of input amplitude versus frequency.

A silhouette of a full-wave rectifier is shown in figure 8
below.

CENTER VENT

OUTPUTS

SUPPLY INPUTS
Figure 8. Silhouette of a fluidic full-wave rectifier.

When a differential sinusoidal signal is impressed on the
controls the output of each leg produces a positive pulse only
when the flow is impinging on it. Each output is out of phase
with the other. These two positive pulses are summed in a
passive resistive summing junction to produce the absolute value
of the input signal. When low-pass filtered the result is a DC
level. A schematic of the circuit used is shown in figure 9.

The low-pass filter is implemented by a small volume that

acts as a capacitance-to-ground. Using 500 T/LPM resistors a
volume of 300 mm3 is required.

.F@gure 10 shows the analog DC pressure developed by the
rectifier circuit when loaded into the 1logic circuit (to be
described in the following section).
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Figure 10. Analog output versus frequency.
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A variation of from 0.5 to 2.1 torr is achieved for input
frequenciesr from 500 to 5000 Hz. Using a 4kHz carrier, where the
peak output occurs, the option of modulating down 3kHz or up 1KkHz
is allowable.

The power consumption is computed as the product of the
pressure and flow at the operating point. Each stage of LPA
operating at about 16 torr (2160 Pa) with a flow consumption of
0.15 LPM (2.5 x 10-6 m3/s) consumes 5 mW of power. Therefore the
four active elements comprising the detector, preamp, and the
rectifier consume a total of 20 nmW.

3.4 Four-State Logic Circuit

The design of the logic circuit was geared around a four-
state logic tree that produced output commands from four outputs
in response to four analog signal level inputs. The logic that was
desired is described in the following truth table:

Table 1. Four-State Logic Truth table

Input Output

Level 01 02 o3 04
1 ON OFF OFF OFF
2 OFF ON OFF OFF
3 OFF OFF ON OFF
4 OFF OFF OFF ON

Based on the rectifier output results the switching levels
were chosen as follows:

Table 2. Logic Level Definitions

Analog
Input Pressure Frequency
Level (torr) (Hz)
1 0.6 4700
2 1.0 4600
3 1.3 4250
4 1.8 4100

The principal laminar logic element is composed of a two-
stage LPA where the first stage is a proportional amplifier with

positive-feedback to drive it into digital saturation. The
second stage is merely a buffer that isoclates the feedback
resistances from any 1loading effects. Figure 11 shows the

schematic implementation of such a digital device.
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Figure 11. Schematic of a laminar logic element.

In keeping with a desire (for convenience only) to use only
one supply pressure, the logic elements were chosen to be 51009
LPAs as in the detector/preamp. The feedback, load and input
resistances can be computed for the case where the gain of the
device becomes infinite, e.g. the case where there is no hysteresis.
Drzewiecki® has shown that these resistances can be computed by
examining the functional form of the gain of the device. Equation
3 gives the desired relationship.

R GRj - Rj - Ro - RjR5(1/Rgq + 1/Ry) )
f= R
1 + Rj/Rg *+ Ro/Rp, + RiRo/R4Rp,

where for the 51009 LPAs used -

G - LPA blocked pressure gain, G = 10

Rq - deflection resistance, Rq = 100 T/LPM
Ry - output resistance, Rgs = 60 T/LPM
Rj - input resistance, Rj = TBD

Ry, - 1load resistance, Ry, = TBD

Rfg - feedback resistance, Rg = TBD

Given that the circuit resistances are free parameters they
were chosen based on the standard available values. The 5412
resistor, a silhouette of which is shown in figure 12 is a
capillary resistor with a length of 15 mm, a width of 0.254 mm
and a lamination thickness of 50 um (0.002 in).

8 Drzewiecki, T.M., "Dual Mode Reaction-Jet, Thrust-Vector
Controls for Small Missiles," J. of Guidance and Control, Sep 1984.
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- RESISTOR LAMINATIONS - 50 MICRONS THICK
250 MICRON CHANNEL

1-LAMINATION = 10,000 T/LPM
2-LAMINATION =" 1,500 T/LPM
3-LAMINATION = 500 T/LPM
4-LAMINATION = 250 T/LPM
10-LAMINATION = 50 T/LPM

Figure 12. Fluidic resistor lamination.

Different values of resistance can be obtained by either
stacking laminations to increase the depth of the channel or by
paralleling various combinations of stacked resistors. Table 3
lists the resistance values achievable by stacking.

Table 3. Standard Resistances

No. of Resistance
Laminations (T/LPM)
1 10,000
2 1,500
3 500
4 250
5 100
10 50

When the input and load resistances are chosen to each be
500 T/LPM and the feedback is 750 T/LPM, a flip-flop is formed
with a hysteresis loop width of approximately 0.25 torr (e.g.
switching pressures are * 0.125 torr). This flip-flop can be
changed into a NOR-gate by changing the feedback resistances on
either side relative to themselves. The hysteresis width will
stay constant when the average of the two feedback resistances
remains constant. The switching pressure will increase the
larger the difference in feedback resistances.

The truth table (Table 1) was implemented by using the logic
circuit shown in figure 13.
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Figure 13. Logic circuit.

The first NOR-~gate is set to switch off at about 0.8 torr.
When the initially OFF leqg switches ON that pressure is used to
switch the second NOR-gate ON. In this manner it is guaranteed
that when either one is ON the other is OFF. Gate 2 is switched
OFF when the control pressure applied to the opposite control
exceeds 1.3 torr. The third NOR-gate switches ON when the
control pressure exceeds 1.3 torr and is turned OFF by bleeding
off from the ON output of the fourth gate when it switches ON.
Figure 14 schematically shows the implementation of the logic
circuit of figure 13 using the two-stage logic elements described
in figure 11.

Figure 15 shows the output states of the circuit of figure 14.

Note that the OFF values of the outputs are not at zero
pressure. As a result biases are developed on the inputs of the
logic elements that are turned ON or OFF by another 1logic
element. This was accommodated by adjusting the individual
switching characteristics of each NOR-gate. For example, the
third gate must be turned ON by a control level of 1.3 torr but
must overcome a bias level of about 1.0 torr that is present from
the OFF leq of gate 4. The switching level of gate 3 therefore
had to be set at 0.3 torr. The switching levels are accurate to
within #0.1 torr for a *10% variation in the supply pressure.
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Figure 14. Schematic of the implemented logic circuit.
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The switching time is the time required to drive the fluid
streams in the two LPAs into saturation. Drzewiecki? has shown that
the large-signal propagation delay, 71, associated with the
saturations, of a single LPA is equal to four transport delays
across the amplifier.

1
T = 4 Xgp/[Cq(2Pg/P) 3] ettt (4)
where -
Xsp = nozzle-to-splitter distance, 0.002 m
cq -~ discharge coefficient, dimensionless, - 0.7
Pg -~ supply pressure, - 2160 Pa
P -~ fluid density, 1.2059 kg/m3

The switch time of one element is 190 us and of two in
combination the total switching time is approximately 380 us.
Only one logic element switches at any one commanded pressure
level hence the switching time for any command is 380 us.

The logic circuit 1is composed of eight LPAs so that the
power consumption is 40 mW.

3.5 Impedance Matching (Flow) Amplifiers

The ON pressure levels developed by the logic circuit of
between 8 and 10 torr are developed into an infinite impedance
load. The maximum flow available from an ON output is about one
hundred times too small to drive a diverter (e.g. 0.4 to 4 gm/s).
These mass flow rates correspond to 20 to 200 LPM at atmospheric
pressure. The demonstration thrusters (see section 3.2.6) will
be capable of delivering the required flow to the vortex thrusters
so that a matching amplifier was designed to match the 1logic
outputs to the turbulent wall attachment amplifiers used for the
demonstration. This was accomplished by a two-stage gainblock
composed of three parallel 51010 LPAs for the first stage and ten
for the second stage. This effectively provided a factor of ten
reduction of the output impedance and increased the output flow at
saturation by a factor of ten. Figure 16 shows the circuit
schematic and figure 17 shows the DC pressure gain transfer
characteristic for five different supply pr:.ssures showing that
the pressure gain is supply independent.

Since there are thirteen LPAs in each of four matching
amplifiers the power consumption of 52 LPAs is 260 mW.

The switch time of 380 us is the same as for the two-stage
logic gates.

9 Drzewiecki, T.M. "A Fluidic Voice Communication System
and Datalink," Dr. Eng'g. Thesis, US Naval Postgraduate School,
Mar 1980.
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3.6 Demonstration Diverters (Diverter Interface Amplifiers)

The power output of the fluidic circuit can be generated by
using first generation turbulent Coanda effect flip-flops. These
devices have supply nozzles that are 0.76 mm wide and 1.5 mm high
(aspect ratio, o = 2). At a supply pressure of 10 psig a
saturated output will deliver 0.4 gm/s. For the purposes of the
demonstration the flip-flops were operated at the system supply
pressure of 16 - 18 torr which was sufficient to flutter ribbons
to provide a visual output of the thruster operation. Figure 18
shows the outputs of the turbulent amplifiers in response to the
DC analog control pressure from the rectifier circuit.
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‘ Figure 18. Thruster output characteristics.
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Turbulent Coanda devices are relatively much slower, in
terms of the number of transport times it takes to switch, than a
laminar device primarily because of the large capacitive load of
the cCoanda attachment bubble. These devices require over ten
transport times to switch. At the operating pressure of 10 psig
required to develop the amount of flow to switch the supersonic
diverter, the switch time is about 320 us (this is faster than
the logic elements because the velocity is higher and the
transport time is faster).

3.7 The Inteqrated Demonstration Circuit

Figure 19 shows the circuit schematic for the complete
demonstrator system.
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Figure 19. Demonstrator system circuit schematic.
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Figure 20 shows silhouettes of the active elements actually
used to build the system.

- LASER DETECTOR/1sT STAGE AMPLIFIER
NOZZLE WIDTH - 0.254 mm (0.010 IN)
ASPECT RATIO - 0.9 (51003 (3) - CONFIGURATION)

! - METAL-ETCHED AMPLIFIER LAMINATIONS
51003 CONFIGURATIONS - SIGNAL PROCESSING
51005 CONFIGURATIONS- POWER ELEMENTS

- METAL-ETCHED FULL-WAVE RECTIFIER LAMINATION
50703 CONFIGURATION

Figure 20. Active fluidic elements.

The integrated circuit was assembled as shown in figure 21.
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Figure 21. Brassboard demonstrator schematic.
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The fluidic circuit is composed of eight modules. The first
module contains the detector, pre-amp, and signal processing
circuitry. The next two modules comprise the logic circuitry.
Logic gates 1 and 2 are in one module and logic gates 3 and 4 are
in the other. Each of the four matching amplifiers is contained
in a separate module. The final module is composed of the four
Coanda flip-flops. The entire circuit is supplied from a single
source pressure of between 16 and 18 torr which is obtained from
a compressed air source that is double regulated.

The electronic side of the brassboard is composed of the
laser and modulation circuitry. The laser is an off-the-shelf
Spectra Systems 10 mW HeNe CW laser. A square wave carrier is
impressed by a Coherent Systems acousto-optical modulator driven
by either a B&K Function Generator or by a special four-state
frequency generator custom built for the demonstration.

Figure 22 shows two photographs of the brassboard system in
operation. The ribbons at the ends of the nozzles are caused to
flutter out when the thruster is turned on.

ON THRUSTER

\\

IMPEDANCE
MATCHING

LASER DETECTOR

oo » ¥
DIVERTERS
Figure 22. Photographic sequence of operating brasshoard.

24




Table 4 is a summary of the brassboard performance.

Table 4. Brassboard Demonstrator Performance

Met

Parameter Measured |Design Goal Goal
Laser input (W/cm?) 1.0 1 - 10 YES
Threshold (W/cm?) 0.1 - -
Carrier frequency (kHz) 4.0 0.1 - 20 YES
Modulated frequency (kHz) 1.0 0.01 - 2 YES
Sensitivity (torr/Hz) 0.0015 - -
Response (ms) 2.1 1 - 10 YES
Signal Processing

Power consumption (W) 0.32 5 - 10 YES
Actuation

Power consumption (W) 0.44 - -

As can be seen from the above table the design goals were
all met or exceeded. The power consumption of well less than 1
watt was a very pleasing result as was the very fast response.

3.8 Projected Performance/Characteristics of Flight Hardware

The dynamic and power consumption performance characteristics
identified by the brassboard system are expected to be more than
adequate for flight hardware. The only parameters not demonstrated
explicitly by the brassboard system are size and weight. The
volume of the brassboard elements, less the thrusters, was 5.2
in3 (85 cm3) and the thrusters/actuators was 8 in3 (130 cm3) for
a total volume of just over 13 in3 (215 cm3). Without any
further optimization the entire system (e.g. a complete laser-
guided KEW projectile) could conceivably be put together into a
cylindrical package approximately 1.5 in in diameter and 1 ft long.
If the package were to be constructed from the same stainless
steel as the brassboard the mass would be about 1.3 kg. It is
anticipated that flight hardware materials will be carbon/carbon
composite having a density roughly one-quarter that of steel.
Graphite fluidic laminations have been made successfully in the
past and as such no problems would be anticipated. A graphite
circuit would have a mass of about 0.33 kg. Graphite, as the
baseline material, has the added advantage that no special target
material would have to be introduced for sensing the laser signals.

Optimization of the volume could occur most efficiently in
the turbulent Coanda devices where the volume could easily be
reduced by a factor of ten from that used in the brassboard. A
10-percent reduction of the volume of the laminar circuitry
probably is possible without major changes to the circuit
topology or construction format. A 6.0-in3 package with a mass
of about 0.15 kg may be feasible.
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3.9 Technical Challenges Identified

The photo-acoustic effect operates on the principle of
heating a gas to generate an acoustic pressure wave. For a given
level of energy deposited the temperature rise is approximately
the same regardless of the ambient temperature as shown simplistic-
ally in eq. 5. The product of the wmass, specific heat and the
change in temperature defines the change in energy input that is
required to achieve that temperature change.

AE = M Cp AT .tvnuvnnrenncranennnennnennnenn, (5)

However the change in gas density due to a change in temperature
can be approximated from the perfect gas law and shows that as
the ambient temperature, T, increases the change in density, dp,
decreases.

dp = - p AT/[RT*] .eeunnn.. e e . (6)

where -
dE - change in energy, joules
m - mass, Kg
Cp - specific heat, J/kg/°C
T - temperature, °C
dT - change in temgerature, °C
p - density, kg/m
P - pressure, Pa
R - gas constant, m?/s?/°K

Since acoustic amplitude is directly proportional to the change
in density it follows that the higher the temperature the smaller
the sensitivity of the photo-acoustic detection process.

The gas supply in a KEW projectile may come from the burning
propellant, in which case it will be very hot, or from an onkoard
gas bottle, which will increase the mass of the projectile. Clearly
it would be advantageous to use the products of combustion as the
working medium. The thruster/diverters will, of course, be
operating with the hot gasses. The thruster actuators could also
operate with the hot propellant gasses without any loss in the
generality of the analysis and design performed. The laminar
circuitry and, specifically, the detector, may be better operated
at low temperatures. Operating at low temperatures also has the
advantage of eliminating any materials toughness considerations.
The development of a bleed and cooling manifold should be
examined, perhaps using Joule-Thompson or radiative cooling.

The burning propellant can be designed to develop a fairly
constant pressure, generally varying less than 20% over the burn
period by appropriate grain design. The signal processing
fluidics really need regulation to about 5% so that some consider-
ation of a simple fluidic pressure regulator needs to be made.
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4. THE DESIGN OF THE FLUIDIC DIVERTER VALVES

Diverter valves are used to control the high temperature
propellant gasses delivered to KEW projectile attitude control

and divert propulsion thruster nozzles. These valves must be
fast acting, extremely light weight and must require very little
on-board power to operate. This Phase I effort analytically

demonstrated the feasibility of a fluidic diverter valve capable
of diverting propellant from a single source to up to four
thruster nozzles.

Diverter valves are used to control both ground-launched and
space-launched kinetic energy projectiles. Conventional diverter
are electro-mechanical devices that are heavy, require a consid-
erable amount power to actuate them, and have relatively slow
response. Fluidic diverters are fluid dynamically controlled
devices that contain no-moving-parts, require very 1little
actuation power, and have a speed of response limited only by the
transport time of fluid through the valve body. In a typical,
conventional electro-mechanical diverter valve system, one valve
is required per control axis to divert flow between two opposing
thruster nozzles. In a complete mechanical diverter system five
diverter valves are used to supply flow to ten nozzles which
produce control forces in the pitch, yaw, roll and diverts
directions. By comparison only three fluidic diverter valves
would be required to perform the same functions.

Fluidic diverter valves have been analyzed, designed, built,
tested, and evaluated over the last 27 years by many Army and
industrial organizations including: the US Army Harry Diamond
Laboratories (HDL), United Aircraft (UAC), Aeronutronic Ford, the
US Army Missile Command (MICOM), US Army Armament Research,
Development and Engineering Center at Picatinny Arsenal, Martin
Marietta, Chandler-Evans (Colt), Garrett Industries, and Plessey
Aerospace. Table 5 shows the contributions of these agencies in
a historical trace of the developmental process of the state-of-
the-art in fluidic diverter valves.

Important developments illustrated in Table 5 include the
type of valve (2-way, 3-way, 4-way, or secondary injection thrust
vector control - SITVC), the type of testing (cold gas, warm or
hot gas with maximum temperatures, static firing, or flight
test), and efficiency based on maximum recovere